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tially parallel planes. The payload interface board, the at least
one daughter board, and the battery board are coupled to the
main system board through one or more stackable connectors.
A method of operating a satellite is also described.

19 Claims, 18 Drawing Sheets
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1

CUBESAT SYSTEM, METHOD AND
APPARATUS

BACKGROUND

The present invention relates generally to satellites, and
more particularly, to systems, methods and apparatus for
pico-class satellite avionics.

Satellites have traditionally been relatively large-scale,
usually government funded very specialized and focused
projects. Satellite electronics packages (i.e., avionics) were
typically developed specifically for one specialized mission
objective corresponding to the mission of the satellite itself.
Further, typical satellite avionics packages were packaged in
a customized form factor corresponding to the actual satellite
vehicle that also reflected the specialized mission objective.

The individualized development of each satellite vehicle
and mission results in much of the engineering and develop-
ment from one satellite avionics project having very little use
in a second satellite avionics project. Thus requiring an
entirely new development cycle at much greater cost. By way
of example, the avionics of a first satellite would not physi-
cally fit within a second satellites airframe even if the mission
operations were similar. Thus an entirely new packaging must
be custom fit to each satellite.

In more recent history much of space exploration is being
undertaken by small organizations such as schools and busi-
nesses, rather than as a government-funded project. As a
result there is a need for smaller, less costly, more flexible
satellite avionics designs that may be re-usable and easily
adaptable across a wide range of satellite missions.

SUMMARY

Broadly speaking, the present invention fills these needs by
providing a smaller, less costly, more flexible satellite avion-
ics designs that is re-usable and easily adaptable across a wide
range of satellite missions. It should be appreciated that the
present invention can be implemented in numerous ways,
including as a process, an apparatus, a system, computer
readable media, or a device. Several inventive embodiments
of the present invention are described below.

One embodiment provides a satellite system including a
chassis, an avionics package included within an upper portion
of'the chassis. The avionics package includes a main system
board, a payload interface board, at least one daughter board
and a battery board. The main system board, the payload
interface board, the at least one daughter board, and the bat-
tery board reside in substantially parallel planes. The payload
interface board, the at least one daughter board, and the bat-
tery board are coupled to the main system board through one
or more stackable connectors.

The main system board can include a long duration timer
having a selectable time interval of between about one day
and about 12 months. The long duration timer can be config-
ured to interrupt power to at least a portion of the satellite
when the long duration timer counts down to zero.

The main system board can include a processor coupled to
a non-volatile phase change memory system and a volatile
memory system. The non-volatile phase change memory sys-
tem can include an image of an operating system stored
therein in a computer readable media. The processor can
include logic stored in a computer readable media for retriev-
ing the operating system image stored in the non-volatile
phase change memory system, logic stored in a computer
readable media for storing the retrieved operating system
image in the volatile memory system, logic stored in a com-
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2

puter readable media for calculating a checksum value of the
operating system image stored in the volatile memory system
and comparing the calculated the checksum value with a
known value, logic stored in a computer readable media for
initiating a hard reboot ifthe calculated the checksum value is
not equal to the known value and logic stored in a computer
readable media for initiating booting the operating system
from the volatile memory system if the calculated the check-
sum value is equal to the known value.

The main system board can include a removable umbilical
system coupled to the main system board by an umbilical
connector. The umbilical connector can provide access to
operate and debug the avionics system and a payload portion
of the satellite. The removable umbilical can include an Eth-
ernet port. The removable umbilical can include a breakout of
each one of multiple data lines, multiple control lines and
multiple voltage rails in the avionics package and the payload
portion of the satellite. The removable umbilical can include
rewrite access to the phase change non-volatile memory inthe
main system board.

The main system board can include a power ground selec-
tively coupled to a first portion of avionics package compo-
nents through a first low side switch and a solar ground
coupled to a battery ground during flight through a second
low side switch.

Another embodiment provides a method of resetting a
satellite including selecting an interval for a long duration
timer of between about one day and about 12 months, allow-
ing the long duration timer to count down to zero, interrupting
power to at least a portion of the satellite and rebooting the at
least a portion of the satellite.

Interrupting power to at least the portion of the satellite can
include interrupting a battery ground to at least the portion of
the satellite. Interrupting power to at least the portion of the
satellite includes interrupting power to at least the portion of
the satellite for less than about 1.0 seconds.

Yet another embodiment provides a method of rebooting a
satellite including retrieving an operating system image
stored in a non-volatile phase change memory system, storing
the retrieved operating system image in the volatile memory
system, calculating a checksum value of the operating system
image stored in the volatile memory system, comparing the
calculated the checksum value with a known value, initiating
ahard reboot if the calculated the checksum value is not equal
to the known value and booting the operating system from the
volatile memory system if the calculated the checksum value
is equal to the known value.

Other aspects and advantages of the invention will become
apparent from the following detailed description, taken in
conjunction with the accompanying drawings, illustrating by
way of example the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be readily understood by the
following detailed description in conjunction with the accom-
panying drawings.

FIG. 1A is an example of a single unit satellite, in accor-
dance with embodiments of the present invention.

FIG. 1B is an example of a 3-unit satellite, in accordance
with embodiments of the present invention.

FIG. 2A is an avionics package in single unit satellite, in
accordance with embodiments of the present invention.

FIG. 2B is a side view of the avionics package, in accor-
dance with embodiments of the present invention.

FIG. 2C is a separation view of the avionics package, in
accordance with embodiments of the present invention.
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FIG. 3A is a block diagram of the system board, in accor-
dance with embodiments of the present invention.

FIG. 3B is a block diagram of the daughter board, in accor-
dance with embodiments of the present invention.

FIG. 3C is a block diagram of the battery board, in accor-
dance with embodiments of the present invention.

FIG. 3D is a block diagram of the second daughter board,
in accordance with embodiments of the present invention.

FIG. 3E is a block diagram of a side panel, in accordance
with embodiments of the present invention.

FIG. 3F is a block diagram of a side panel, in accordance
with embodiments of the present invention.

FIG. 4 is a block diagram of the payload interface board, in
accordance with embodiments of the present invention.

FIG. 5A is a functional block diagram of the processor, in
accordance with embodiments of the present invention.

FIG. 5B is a functional block diagram of the main system
board applications, in accordance with embodiments of the
present invention.

FIG. 6 is amore detailed block diagram of the main system
board, in accordance with embodiments of the present inven-
tion.

FIGS. 7A-H provide listings of the pin outs of the respec-
tive connectors on the main system board and the correspond-
ing connections, in accordance with embodiments of the
present invention.

FIG. 8 is ablock diagram of'the avionics package for power
on, hard reboot and solar cell interface, in accordance with
embodiments of the present invention.

FIG. 9 is a block diagram ofthe interrupt distribution in the
avionics package, in accordance with embodiments of the
present invention.

FIG. 10 is a flowchart diagram of the method operations in
response to various conditions in the avionics package, in
accordance with embodiments of the present invention.

DETAILED DESCRIPTION

Several exemplary embodiments for smaller, less costly,
more flexible satellite avionics packages will now be
described. It will be apparent to those skilled in the art that the
present invention may be practiced without some or all of the
specific details set forth herein.

Some of the features of a smaller, less costly, more flexible,
re-usable and easily adaptable satellite avionics designs
include a standardized form factor or packaging for a stan-
dardized satellite unit size. The standardized packaging of the
avionics provides a standardized physical volume for the
satellite mission payload. The standardized physical volume
for the satellite mission payload provides a known volume for
the mission developers to utilize.

The standardized packaging of the avionics also provides
an easily scalable satellite form factor. Multiple, small avion-
ics packages can be used to operate multiple experiments
(payloads) in a single satellite. By way of example, a single
unit form factor can include a complete satellite including an
avionics package and one or more payloads. A multiple unit
e.g. 3-unit, form factor can include three complete, individu-
alized satellites, each satellite containing an avionics package
and one or more payloads. Alternatively, a 3-unit, form factor
can include a first single satellite consuming a 2-unit form
factors and a second single satellite consuming a 1-unit form
factor, each satellite containing an avionics package and one
or more payloads. In yet another alternative, a 3-unit, form
factor can include a single satellite consuming a 3-unit form
factor containing an avionics package and one or more pay-
loads.
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Another feature of a smaller, less costly, more flexible,
re-usable and easily adaptable satellite avionics designs
include an umbilical board capable of providing a remote
communication link to the avionics package. The remote
communications link provides remote access to the avionics
package during the satellite development stage. The umbili-
cal board may also be removable before deployment and thus
the volume, weight and power consumption of the umbilical
board subsystem can be excluded from the deployed satellite.
Typical remote communication links used serial type ports or
Ethernet type connections that would fly with the satellite.
Unfortunately, serial type ports or Ethernet type adds weight
and consumes power and volume in the satellite that cannot
be used during the satellite’s flight.

Another feature of a smaller, less costly, more flexible,
re-usable and easily adaptable satellite avionics designs
include a standardized satellite power system. The satellite
power system can be combined on a single main board with
the computer to more efficiently use the limited volume avail-
able.

Another feature of a smaller, less costly, more flexible,
re-usable and easily adaptable satellite avionics designs
include a standardized physical and electrical interface to the
satellite mission payload. Physical and electrical interface to
the processor and other functional blocks within the main
system board can be provided by use of one or more stackable
connectors. The stackable connectors provide a payload user
optional access to and use of a portion of the functionality of
the processor and other functional blocks of the main system
board of the avionics package.

Radiation hardening is a common design aspect to satel-
lites. Typical approaches use radiation hardened components
and subassemblies and circuits however these systems tend to
be very expensive, often several generations old in technol-
ogy, and thus provide limited performance for very high cost.
Another feature of a smaller, less costly, more flexible, re-
usable and easily adaptable satellite avionics designs include
addresses the radiation hardening from a new approach to the
problem. Rather than using shielding to prevent periodic,
radiation caused disruptions, plan that those radiation caused
disruptions will occur, and program in a periodic reset that
will reset the avionics to a known base operation configura-
tion. This approach allows use of more advanced hardware
providing more processing power, in a smaller, lighter pack-
age, using less energy, and having greater memory capacity
that is also more space and power efficient than traditional
radiation hardened components. These non-radiation hard-
ened components are also much less expensive. These non-
radiation hardened components can also be more state-of-the-
art using more state-of-the-art operating systems interface
systems and more advanced software.

FIG. 1A is an example of a single unit satellite 100, in
accordance with embodiments of the present invention. The
form factor of the single satellite 100 as shown is a single unit
form factor. The single unit form factor has a standardized
form factor bounded by the height H1, width W1 and depth
W2. By way of example, the height H1, width W1 and depth
W2 are about 100.0+/-0.1 mm.

The single unit form factor includes a top 104, sides 106,
108, 110, 112, a bottom 118 and rails 120A-D. Access ports
114 and 116 are provided in sides 106 and 112, respectively.
The access ports 114 and 116 provide access to the internal
volume of'the single unit form factor. Each end 102A-102D of
the rails 120A-D can include one or more deployment
switches and/or separation springs that assist in the deploy-
ment and/or separation of the satellite 100 from the launch/
deployment vehicle.
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FIG. 1B is an example of a 3-unit satellite 150, in accor-
dance with embodiments of the present invention. The form
factor of the single satellite 150 as shown is a 3-unit form
factor. The 3-unit form factor has a standardized form factor
bounded by the same width W1 and depth W2 as the single
unit form factor shown in FIG. 1A. The 3-unit form factor has
a standardized height of three times (e.g., 3H1) the single unit
height H1 shown in FIG. 1A. The 3-unit form factor includes
a top 154, sides 156, 158, 160, 162, a bottom 168 and rails
170A-D. Access ports 114A-114C and 116A-116C are pro-
vided in sides 156 and 162, respectively. The access ports
114A-114C and 116A-116C, provide access to the internal
volume of the 3-unit form factor. Each end 152A-152D of the
rails 170A-D can include one or more deployment switches
and/or separation springs that assist in the deployment and/or
separation of the satellite 150 from the launch/deployment
vehicle.

FIG. 2A is an avionics package 200 in single unit satellite
100, in accordance with embodiments of the present inven-
tion. The avionics package 200 includes multiple layers or
boards 202, 210, 220, 230, 240. The avionics package 200 is
included within the upper portion H2 of the height H1 of the
single unit satellite 100 chassis. The single unit satellite 100
chassis is formed from chassis members 214 and rails 120A-
120D. The upper portion H2 includes about 30+/-0.1 mm of
the height H1 near the top 102 of the single unit satellite 100.

FIG. 2B is a side view of the avionics package 200, in
accordance with embodiments of the present invention. FIG.
2C is a separation view of the avionics package 200, in accor-
dance with embodiments of the present invention. The avion-
ics package 200 includes Z-panel 202, battery board 210,
payload interface board 220, daughter boards 230A, 230B
and main system board 240. The boards 202, 210, 220, 230,
240 that are interconnected with respective connectors 240C,
240C', 220C, 220C', 220C" and corresponding receptacles
202R, 202R’, 230R, 230R', 210R. Daughter board connectors
240A, 240A' connect the main system board 240 to the
respective daughter boards 230A, 230B. Interboard stack
connectors 250C, 250C' connect the main system board 240
to the receptacles 250R, 250R’ on the payload interface board
220.

FIG. 3A is a block diagram of the system board 240, in
accordance with embodiments of the present invention. The
system board 240 is electrically connected to the other boards
and the payload through one or more of the interboard stack
connectors 250C, 250C', daughter board connectors 240A,
240A', umbilical interface connectors 304, 306, payload
passthrough connector 308, battery module connector 320
and a structure ground connector 322.

The system board 240 includes a processor 310, memory
modules 338, 340, 342, memory expansion port 344, real time
clock 346, 3-axis gyro 348, hardware monitor 350, power
sensors 334, temperature sensors, deployment and power up
interfaces and electronics 316 and multiple power outputs
324-332. The processor 310 is described in more detail below.
The memory modules 338, 340, 342 include random access
memory 338, read only memory 340 and programmable
memory 342. The memory expansion port 344 provides a port
to add readily available memory such as flash memory. The
3-axis gyro 348 provides a physical orientation reference for
the processor and can be accessed by the payload.

The real time clock 346 provides a timing reference for the
processor and can be accessed by the payload. Hardware
monitor 350, power sensors 334, temperature sensors moni-
tor operational parameters so that the processor 310 can man-
age the system. The deployment and power up interfaces and
electronics 316 provide interfaces with the launch and
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deployment system external to the satellite 100. The multiple
power outputs 324-332 provide various power limited volt-
ages to other boards and the payload. The processor 310 can
manage (e.g., turn on, off, etc.) the various power limited
voltages output to the respective boards and payload.

FIG. 3B is a block diagram of the daughter board 230A, in
accordance with embodiments of the present invention. The
daughter board 230A if the RF board providing UHF radio for
the avionics package to communicate back to the earth during
the mission. The daughter board 230A is coupled to the main
system board 240 through daughter board connector 240A.

The daughter board 230A includes a UHF transceiver 364.
The UHF transceiver 364 is coupled to a low noise amplifier
(LNA) 362, a linear regulator 368, RF power amplifier 370
and a temperature sensor 366. The daughter board 230A also
includes an RF shield 365 that shields the main system board
240 and other boards from the RF generated in the daughter
board 230A. The daughter board 230A is also coupled to an
antenna 367 as described in more detail below.

FIG. 3C is a block diagram of the battery board 210, in
accordance with embodiments of the present invention. The
battery board 210 includes one or more battery assemblies
372 and corresponding battery monitors 374. The battery
monitor 374 monitors the condition of the battery and com-
municates the condition to the processor 310 so that the
processor can determine how to manage the recharging ofand
the load coupled to the battery assembly 372.

Each battery assembly 372 can include multiple separate
cells that are assembled into the desired form factor/package
to provide the desired voltage and current storage capacity.
Having the battery assembly 372 on the dedicated battery
board 210 allows the avionics package 200 to have a power
source that makes the most efficient use of the volume avail-
able without being dependent on a previously packaged bat-
tery.

FIG. 3D is a block diagram of the second daughter board
230B, in accordance with embodiments of the present inven-
tion. The second daughter board 230B can include one or
more battery assemblies 372' and corresponding battery
monitors 374". This may be useful for providing additional
battery storage capacity for the avionics package 200. In other
embodiments, the second daughter board 230B can include
additional functionality and/or instrumentation to aid the
main system board 240 or the payload.

FIG. 3E is a block diagram of a side panel 108, in accor-
dance with embodiments of the present invention. The side
panel 108 forms the side of the single unit satellite 100 and
also includes multiple functional blocks. The side panel 108
includes multiple solar cells 380, 12C buffer hub 381, a 2-axis
sun sensor 382, a 3-axis magnetometer 383, temperature sen-
sors 384, power sensors 385, torquer coils 387, 5.0V slides
388 and 3.0V slides 389. The side panel 108 also includes the
antenna 367 that is coupled to the first daughter board 230A.
The side panel 108 is coupled to the main board through a side
panel receptacle 108R coupled to the inter board stack con-
nector 250C.

FIG. 3F is a block diagram of a side panel 110, in accor-
dance with embodiments of the present invention. The side
panel 110 forms the side of the single unit satellite 100 and
also includes multiple functional blocks. The side panel 110
is coupled to the side panel 108 through the side panel recep-
tacle 108R and a connector 110C. The side panel 110 includes
multiple solar cells 390, a 2-axis sun sensor 391, a 3-axis
magnetometer 392, temperature sensors 393, power sensors
394 and torquer coils 395. Additional side panels 106, 112,
118 substantially similar to side panel 110 can also be
included.
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FIG. 4 is a block diagram of the payload interface board
220, in accordance with embodiments of the present inven-
tion. The payload interface board 220 provides electrical
power and data connections between the payload and the
avionics package 200. The payload interface board 220 can
include cameras 401, 402 oriented in selected directions, e.g.,
forward and aft. The payload interface board 220 can also
include power sensors 403, temperature sensors 404 and mul-
tiple voltage and power regulated sources 405, 406 that may
be needed by the payload.

The payload interface board 220 can also include multiple
isolated voltage and power regulated sources 407, 408 that
may be needed by the payload. A CMOS ISI level shifter 409
and a LVDS 410 can also be included. It is important to note
that the payload interface board 220 may be customized to
meet the needs of the payload. However, even a customized
payload interface board 220 would have a standardized inter-
connection with the main system board 240. The payload
interface board 220 includes one or more electrical connec-
tors 220C to connect to the payload.

FIG. 5A is a functional block diagram of the processor 310,
in accordance with embodiments of the present invention.
The processor 310 hardware layer 514 includes the processor
hardware and the assorted buses and peripherals to complete
a processor system. Residing on the hardware layer 514 is an
operating system kernel 512 that communicates with and
instructs the hardware layer. The operating system kernel 512
can be any suitable operating system. One embodiment uses
a Linux operating system kernel so as to maintain the open
access to the functionality of the processor 310.

A system call interface layer 510 resides on the operating
system kernel 512. System board libraries and drivers 506
reside on the system call interface 510 layer. A selection of
standard libraries 508 also reside on the system call interface
510 layer. Main system board applications 502 are the appli-
cations utilizing the components and system on the main
system board 240. Main system board applications 502 use
the system board libraries and drivers 506 to access operating
system kernel 512 and the hardware layer 514. Developer
applications 504 are the applications available for the payload
user to utilize the standard libraries 508 to access operating
system kernel 512 and the hardware layer 514 and thus allow
the payload user access to the processor 310.

FIG. 5B is a functional block diagram of the main system
board applications 502, in accordance with embodiments of
the present invention. The main system board applications
502 are designed to be single threaded, continuously execut-
ing, or static processes. The watchdog process 522 is respon-
sible for hardware watchdog tap and detecting software
anomalies within other processes.

A system manager 524 is responsible for overseeing sys-
tem wide events (e.g., reboot) and maintaining system state,
such as collecting housekeeping telemetry and other statistics
from the kernel 512. The system manager 524 includes access
to data acquisition drivers for the various sensors included in
the avionics package 200.

A data logger 526 periodically stores housekeeping telem-
etry in an on-board database. The data logger 526 can also be
utilized by the payload to record mission specific and payload
data.

The system board libraries and drivers 506 includes a
selection of standard functions for a given programming lan-
guage (e.g., C, C++, Python, etc.) and a selection of custom
avionics library base designed to provide abstractions to sev-
eral common features that are readily available on the satellite
100. An event handling process executes certain callbacks at
a periodic rate or a one shot timed event. A configuration
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management process allows for dynamic process configura-
tion using configuration files rather than requiring process
recompilation. An inter process communication process pro-
vides an operating system standard mechanism to communi-
cate thus making the communications readily available to
developers. An error/debug interface process provides an
error logging and debug interface that can be used during
development. A command handling process can easily be set
up to receive and respond to commands from the ground (e.g.,
through the RF communications) or from other processes.

The mission payload developer can also use their own
developer applications 504 for mission specific functionality,
in parallel with the main system board applications 502.
Mission specific functionality can include unique payload
interfacing. The standard libraries 508 are available to assist
the developer in a variety of existing functions (e.g., [/O, data
compression, etc.)

FIG. 6 is a more detailed block diagram 600 of the main
system board 240, in accordance with embodiments of the
present invention. The detailed block diagram 600 of the main
system board 240 shows many of the interconnections among
the various components but the complete interconnection is
not shown. It is important to note such details as the width of
the busses 602, 604, 606 between the processor 310 and the
memories 338, 340, 344.

FIGS. 7A-H provide listings 702-716 of the pin outs of the
respective connectors on the main system board 240 and the
corresponding connections, in accordance with embodiments
of the present invention. FIG. 7A provides a pin out listing
702 of the interboard stack connector 250C'. FIG. 7B pro-
vides a pin out listing 704 of the interboard stack connector
250C. FIG. 7C provides a pin out listing 706 of the daughter
board connector 240A between the main system board 240
and the first daughter board 230A. FIG. 7D provides a pin out
listing 708 of the daughter board connector 240A' between
the main system board 240 and the second daughter board
230B. FIG. 7E provides a pin out listing 710 of the umbilical
interface connector 304 on the main system board 240 so as to
provide external access to several data, control and voltage
lines on the main system board and the satellite as a whole.
FIG. 7F provides a pin out listing 712 of the umbilical inter-
face connector 306 on the main system board 240 so as to
provide external access to several data, control and voltage
lines on the main system board and the satellite as a whole.
FIG. 7G provides a pin out listing 714 of the battery board
connector 320 between the main system board 240 and the
battery board 210. FIG. 7H provides a pin out listing 716 of
the payload passthrough connector 308 between the main
system board 240 and the payload.

FIG. 8 is a block diagram 800 of the avionics package 200
for power on, hard reboot and solar cell interface, in accor-
dance with embodiments of the present invention. The avion-
ics package 200 includes three ground rails: power ground
814, solar ground 816 and battery ground 818. The RBF
(remove before flight) switch 812 and the two series deploy-
ment switches 810, 810A isolate all three grounds 814, 816,
818 and thus only current flow is to battery protection cir-
cuitry built in to the batteries 372. Removing (closing) the
RBF switch 812 and closing the deployment switches 810,
810A, couples the three grounds together through low side
switches (transistors, MOSFETs, or other suitable electronic
switch device) 802, 804 and the current can flow through the
entire system to power on the entire system.

During a hard reboot all hardware monitor devices will
perform a hard reboot in the same manner by isolating power
ground 814 from battery ground 818 for a time sufficient to
discharge and shutdown the systems using power ground as a
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return current path. By way of example, disconnecting power
ground from battery ground for about 0.4 seconds or more
will cause a shutdown in the systems using power ground as
a return current path because the current can no longer return
to the battery ground (negative terminal of the battery 372).
Power ground is disconnected from battery ground by remov-
ing the bias voltage from the gate 804 A of low side switch
804. When the bias voltage from the gate 804A of low side
switch 804 is removed, then current can no longer pass across
low side switch 804 from power ground to battery ground,
thus preventing current flow through the systems using power
ground as a current return path. Solar ground 816 is not
isolated from battery ground 818 after the RBF (remove
before flight) switch 812 is removed (e.g., closed) and deploy-
ment switches 810, 810A are closed. Solar ground remains
coupled to battery ground through low side switch 802 as long
as the gate 802 A is biased. As a result, the systems using solar
ground 816 as a current return path remain unaffected by hard
reboots as the solar ground current return path remains
coupled to the battery ground throughout a hard reboot
sequence. A hard reboot also resets the state of both the
watchdog 616 and the long-duration timer 620.

A direct energy transfer is the simplest method for inter-
facing solar cells 380 to the battery system 372. In this con-
figuration, solar cells 380 outputa 5.5 v maximum, with diode
protection, directly to the terminals of the protected batteries
372. The batteries 372 and any active system load set the
power point for the solar cells 380.

FIG. 9 is a block diagram ofthe interrupt distribution in the
avionics package 200, in accordance with embodiments of
the present invention. The interrupts are divided into two
categories: hardware interrupts (light lines) and general flags
(bold lines).

Radiation Reset and Recovery

Commercial off the shelf (COTS) components are not
designed for the space environment and are not radiation
hardened. Therefore, certain mechanisms need to be added to
recover from radiation-induced affects that often occur in
space. The avionics package 200 essentially performs a
power cycle and reboot if an anomaly is detected. The events
that can cause a power cycle and reboot can include:

A smart fuse 617A, 617B over-current detection

A battery under voltage detection (battery 372 having a
depleted state of charge)

The processor watchdog circuit 616

A planned reboot initiated by the tong duration timer 620

An over-temperature condition

A robust avionics package needs to reliably boot into the
operating system after a power cycle reset event. A boot or
reboot requires retrieving an operating system image from
non-volatile memory 342, and storing the image into volatile
memory 338 so the processor 310 can boot the operating
system and return to operational status. Unfortunately, radia-
tion can corrupt the operating system image stored in the
typical non-volatile memory. The corruption includes ran-
dom bit flips throughout the operating system image stored in
the typical non-volatile memory. The traditional approach is
to use specially designed, radiation hardened (i.e., shielded)
memory and other devices throughout the avionics package
200 to resist the radiation caused corruption. However, even
radiation hardened circuits will eventually become corrupted
because the radiation shielding does not fully protect the
avionics package 200.

In one embodiment, the non-volatile memory 342 is phase
change memory (PCM-type). PCM is radiation resistant, and
will not experience random bit flips in the memory due to
radiation. However, PCM is susceptible to random bit flips
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during retrieving the image from the PCM, even though the
memory cell still holds the correct value. Re-reading the bit
provides the correct value. The retrieved image is stored in the
volatile memory 338, and a checksum of the stored image is
compared to a known value to determine if a retrieving error
occurred.

FIG. 10 is a flowchart diagram of the method operations
1000 in response to various conditions in the avionics pack-
age 200, in accordance with embodiments of the present
invention.

Ifaretrieving error occurs, the watchdog circuit 616 counts
down due to the unsuccessful boot and a time out condition
1002 and initiates a hard reboot/power cycle 1004 by remov-
ing power for a brief time sufficient to discharge and shut-
down the systems using power ground as a return current path
(e.g., about 0.4 seconds). The power cycle 1004 also includes
another retrieving attempt 1006. This process continues until
the operating system image stored in the volatile memory 338
passes the checksum comparison.

The checksum comparison and the PCM non-volatile
memory 342, provides a valid operating system image in the
volatile memory 338 without requiring expensive radiation
hardened, space rated components.

Catch All Recovery

A selected long time interval is manually selected in the
long duration timer 620 prior to launch. The duration of the
long time interval can be between about a day to as long as
multiple days or even months. The long duration timer 620
can be configured like a typical watchdog 616, where a sat-
ellite command clears the timer. The long duration timer 620
can be completely isolated other than the ability to read the
time remaining before a reset. A hard reboot 1004 of the
avionics package 200 is initiated when the long duration timer
620 counts down to zero and the power is removed for a brief
time sufficient to discharge and shutdown the systems using
power ground as a return current path (e.g., about 0.4 sec-
onds). This periodic reboot event is built into the satellite
operations plan, and ensures an avionics package 200 reboot
will occur no matter what state the satellite is in.

The long-duration timer 620 initiated reboot resets the
avionics package 200 to a known good state. Therefore,
regardless of the state of the avionics package 200 previous to
the long-duration timer 620 initiated reboot, the reboot places
the avionics package 200 an operational state.

If an under voltage (low state of battery 372 charge) is
detected in an operation 1010, power is removed from the
system in an operation 1012 by removing the bias from tran-
sistor/MOSFET 804. Removing the bias from transistor/
MOSFET 804 disconnects power ground from battery
ground and thus removes power ground as a return current
path. As a result, the systems using power ground as a return
current path are shut down. Power remains removed from the
system (e.g., bias remains removed from transistot/ MOSFET
804) until the under voltage condition is cleared (e.g., battery
charge returns to a pre-defined level). Recall as described
above, that the solar cells 380 are coupled to the batteries 372
throughout the entire flight and thus will recharge the batter-
ies 372. Once the under voltage condition is cleared, a hard
reboot 1016 is initiated to return the avionics package to an
operational status.

If an over-temperature condition is detected by a tempera-
ture sensor in an operation 1020, a built in hysteresis 1022A,
1022B holds the satellite in an off state until the temperature
is reduced to a suitable temperature. Once the over tempera-
ture condition is cleared, a hard reboot 1016 is initiated to
return the avionics package to an operational status. This
ensures the satellite comes back online in a safe, known state.



US 9,150,313 B2

11

If power is removed due to a localized over temperature
detection in a subsystem board or the payload in operation
1020, the power to that subsystem or payload is removed in an
operation 1022A. When the over temperature condition
clears in an operation 1024 A, the operating system is notified
that the subsystem can be restarted in an operation 1026.

If power is removed due to a smart fuse 617A, 617B over-
current detection in an operation 1030, the power is removed
for a brief time (e.g., about 0.4 seconds) in an operation
1032B, and a hard reboot 1016 is initiated into the operating
system as described above.

If power is removed due to a localized over-current detec-
tion in a subsystem board or the payload in operation 1030,
the power to that subsystem or payload is removed in an
operation 1032A. When the over current condition clears in
an operation 1034, the operating system is notified that the
subsystem can be restarted in an operation 1036.

There are two power rails in the avionics package 200. One
of the power rails will be power cycled by the above condi-
tions, the other will never be power cycled, and must be
toggled manually. This provides flexibility with the system
design if certain components cannot be randomly power
cycled.

The battery assemblies 372 are not electrically isolated
from the solar cells 380 after deployment from the launch
vehicle. This allows the avionics package 200 to continue
charging the batteries 372 through unexpected radiation
events, or after a low state of charge where most the spacecraft
is powered down until the batteries reach a safe charge state.
The only exception is if an individual battery cell experiences
a fault. The faulty cell is then isolated from the rest of the
system, while the functional cells continue to operate.

The avionics package 200 can be paired with an umbilical
board that provides considerable functionality for ground-
based development, testing and debugging, which is not nec-
essary for the satellite while in space. The umbilical provides
the following functionality:

Ethernet for the operating system

Serial debug port (terminal access)

Breakout of all payload development lines

Charging ability

Memory flashing (re-program with new operating system)

Battery charging from USB or AC to DC wall plug

Ability to remotely perform memory flashing

File transfer

Satellite charging

Automated main system board diagnostics

The electronics contained on the umbilical require consid-
erable power and board space. Some larger satellites will use
Ethernet, but for small, power constrained satellites, Ethernet
much more of a burden than a benefit. By offloading the
Ethernet and other functions described above, the maximum
utility is provided during ground development and testing,
without taking up precious volume and power on the satellite
during the mission.

The breakout of all payload development lines allows for
full system diagnostics on a fully integrated spacecraft. If
issues arise late in development on a fully assembled flight
unit, data and control lines can be easily probed and moni-
tored, without having to invasively disassemble the space-
craft.

With the above embodiments in mind, it should be under-
stood that the invention may employ various computer-imple-
mented operations involving data stored in computer sys-
tems. These operations are those requiring physical
manipulation of physical quantities. Usually, though not nec-
essarily, these quantities take the form of electrical or mag-
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netic signals capable of being stored, transferred, combined,
compared, and otherwise manipulated. Further, the manipu-
lations performed are often referred to in terms, such as
producing, identifying, determining, or comparing.

The invention can also be embodied as computer readable
code on a computer readable medium. The computer readable
medium is any data storage device that can store data, which
can thereafter be read by a computer system. Examples of the
computer readable medium include hard drives, network
attached storage (NAS), read-only memory, random-access
memory, CD-ROMs, CD-Rs, CD-RWs, DVDs, Flash, mag-
netic tapes, and other optical and non-optical data storage
devices. The computer readable medium can also be distrib-
uted over a network coupled computer systems so that the
computer readable code is stored and executed in a distributed
fashion.

Any of the operations described herein that form part ofthe
invention are useful machine operations. The invention also
relates to a device or an apparatus for performing these opera-
tions. The apparatus may be specially constructed for the
required purposes, or it may be a general-purpose computer
selectively activated or configured by a computer program
stored in the computer. In particular, various general-purpose
machines may be used with computer programs written in
accordance with the teachings herein, or it may be more
convenient to construct a more specialized apparatus to per-
form the required operations.

It will be further appreciated that the instructions repre-
sented by the operations in the above figures are not required
to be performed in the order illustrated, and that all the pro-
cessing represented by the operations may not be necessary to
practice the invention. Further, the processes described in any
of the above figures can also be implemented in software
stored in any one of or combinations of the RAM, the ROM,
or the hard disk drive.

Although the foregoing invention has been described in
some detail for purposes of clarity of understanding, it will be
apparent that certain changes and modifications may be prac-
ticed within the scope of the appended claims. Accordingly,
the present embodiments are to be considered as illustrative
and not restrictive, and the invention is not to be limited to the
details given herein, but may be modified within the scope
and equivalents of the appended claims.

What is claimed is:

1. A satellite system comprising:

a chassis;

an avionics package included within an upper portion of
the chassis, the avionics package including:

a main system board, the main system board includes a
long duration timer having a selectable time interval
of between about one day and about 12 months and
wherein the long duration timer is configured to inter-
rupt power to at least a portion of the satellite when the
long duration timer counts down to zero, wherein the
at least a portion of the satellite includes a processor
on the main system board and wherein the long dura-
tion timer is configured to interrupt power is not
capable of being disabled and the interruption of
power to the processor initiates a reset that will reset
the avionics package to a known base operation con-
figuration independent of a checksum or other error
detection systems and wherein at least a portion of the
avionics package is constructed on non-radiation
hardened components;

a payload interface board;

at least one daughter board; and
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a battery board, the main system board, the payload
interface board, the at least one daughter board, and
the battery board residing in substantially parallel
planes and wherein the payload interface board, the at
least one daughter board, and the battery board are
coupled to the main system board through one or
more of a plurality of stackable connectors.

2. The system of claim 1, wherein the satellite system does
not include radiation shielding.

3. The system of claim 1, wherein the main system board
includes a processor coupled to a non-volatile phase change
memory system and a volatile memory system.

4. The system of claim 3, wherein the non-volatile phase
change memory system includes an image of an operating
system stored therein in a computer readable media.

5. The system of claim 4, wherein the processor includes:

logic stored in a computer readable media for retrieving the
operating system image stored in the non-volatile phase
change memory system;

logic stored in a computer readable media for storing the
retrieved operating system image in the volatile memory
system,

logic stored in a computer readable media for calculating a
checksum value of the operating system image stored in
the volatile memory system and comparing the calcu-
lated the checksum value with a known value;

logic stored in a computer readable media for initiating a
hard reboot if the calculated the checksum value is not
equal to the known value; and

logic stored in a computer readable media for initiating
booting the operating system from the volatile memory
system if the calculated the checksum value is equal to
the known value.

6. The system of claim 1, wherein the main system board
includes a removable umbilical system coupled to the main
system board by an umbilical connector, the umbilical con-
nector providing access to the operate and debug the avionics
package and a payload portion of the satellite wherein the
removable umbilical system is removed before the satellite
system is launched to reduce mass, volume and power con-
sumption of the avionics package.

7. The system of claim 6, wherein the removable umbilical
includes an Ethernet port.

8. The system of claim 6, wherein the removable umbilical
includes a breakout of each one of a plurality of data lines, a
plurality of control lines, a plurality of voltage rails in the
avionics package and the payload portion of the satellite.

9. The system of claim 6, wherein the removable umbilical
includes rewrite access to the phase change non-volatile
memory in the main system board.

10. The system of claim 1, wherein the main system board
includes:

a power ground selectively coupled to a first plurality of
avionics package components through a first low side
switch; and

a solar ground coupled to a battery ground during flight
through a second low side switch.

11. A method of rebooting a satellite comprising:

retrieving an operating system image stored in a non-vola-
tile phase change memory system;

storing the retrieved operating system image in the volatile
memory system,

calculating a checksum value of the operating system
image stored in the volatile memory system;

comparing the calculated the checksum value with a
known value;
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initiating a hard reboot if the calculated the checksum value

is not equal to the known value;

booting the operating system from the volatile memory

system if the calculated the checksum value is equal to
the known value; and

interrupting power to at least the portion of the satellite

when a long duration timer counts down to zero to ini-
tiate a system reboot independent of the value of the
calculated checksum, wherein the at least a portion of
the satellite includes a processor on the main system
board and wherein the long duration timer is configured
to interrupt power to the processor is not capable of
being disabled and the interruption of power to the pro-
cessor initiates a reset that will reset the avionics pack-
age to a known base operation configuration and
wherein at least a portion of the avionics package is
constructed on non-radiation hardened components.

12. The method of claim 11, wherein the satellite system
does not include radiation shielding.

13. A method of rebooting at least a portion of a satellite
comprising:

initiating a hard reboot if an operating system is corrupted

including:

calculating a checksum value of the operating system
image stored in a volatile memory system included in
the satellite;

comparing the calculated the checksum value with a
known value;

initiating the hard reboot if the calculated the checksum
value is not equal to the known value; and

initiating the hard reboot of at least a portion of the satellite

when a long duration timer counts down to zero inde-
pendent of the value of the calculated checksum,
wherein the long duration timer is included in the satel-
lite, wherein the at least a portion of the satellite includes
a processor and wherein the long duration timer is con-
figured to interrupt power to the processor is not capable
of being disabled and the interruption of power to the
processor initiates a reset that will reset an avionics
package included in the satellite system to a known base
operation configuration and wherein at least a portion of
the avionics package is constructed on non-radiation
hardened components.

14. The method of claim 13, wherein initiating the hard
reboot if the calculated the checksum value is not equal to the
known value includes:

retrieving an operating system image stored in a non-vola-

tile memory system in the satellite;

storing the retrieved operating system image in the volatile

memory system; and

calculating a checksum value of the operating system

image stored in the volatile memory system;

comparing the calculated the checksum value with a

known value; and

booting the operating system from the volatile memory

system if the calculated the checksum value is equal to
the known value.

15. The method of claim 13, wherein the long duration
timer has an interval of between about one day and about 12
months.

16. The method of claim 13, further comprising booting the
operating system from the volatile memory system included
in the satellite.

17. The method of claim 13, wherein initiating the hard
reboot includes interrupting a battery ground to at least one
portion of the satellite.
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18. The method of claim 13, wherein initiating the hard
reboot includes interrupting power to at least one portion of
the satellite.

19. The method of claim 13, wherein initiating the hard
reboot includes interrupting power to at least one portion of 5
the satellite for less than about 1.0 seconds.
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